To assess the extent of genotypic and phenotypic diversity within species of purple nonsulfur bacteria found in aquatic sediments, a total of 128 strains were directly isolated from agar plates that had been inoculated with sediment samples from Haren and De Biesbosch in The Netherlands. All isolates were initially characterized by BOX-PCR genomic DNA fingerprinting, and 60 distinct genotypes were identified. Analyses of 16S rRNA gene sequences of representatives of each genotype showed that five and eight different phylotypes of purple nonsulfur bacteria were obtained from the Haren and De Biesbosch sites, respectively. At the Haren site, 80.5% of the clones were Rhodopseudomonas palustris, whereas Rhodoferax fermentans and Rhodopseudomonas palustris were numerically dominant at the De Biesbosch site and constituted 45.9 and 34.4% of the isolates obtained, respectively. BOX-PCR genomic fingerprints showed that there was a high level of genotypic diversity within each of these species. The genomic fingerprints of Rhodopseudomonas palustris isolates were significantly different for isolates from the two sampling sites, suggesting that certain strains may be endemic to each sampling site. Not all Rhodopseudomonas palustris isolates could degrade benzoate, a feature that has previously been thought to be characteristic of the species. There were differences in the BOX-PCR genomic fingerprints and restriction fragment length polymorphisms of benzoate-coenzyme A ligase genes and form I and form II ribulose 1,5-bisphosphate carboxylase/oxygenase (RubisCO) genes between benzoate-degrading and non-benzoate-degrading genotypes. The ability to distinguish these two Rhodopseudomonas palustris groups based on multiple genetic differences may reflect an incipient speciation event resulting from adaptive evolution to local environmental conditions.
Many species of bacteria in the environment, particularly in soil, are composed of genetically distinct and diverse clones (5, 13, 21, 22, 27, 28, 52) . This diversification has resulted from evolutionary processes (4, 28, 30, 35, 41) that occur during adaptive evolution to local conditions in heterogeneous environments that contain a range of ecologically distinct habitats (28) . This is in contrast to what is observed with many pathogenic and commensal bacterial species, which often exhibit clonal population structures that are correlated to differences in host environmental specificity and geographic differences (1, 7, 12, 27, 29, 40, 43, 51) .
There have been numerous studies to assess the genetic diversity in closely related bacteria by PCR-based genome analysis techniques, including repetitive-sequence-based PCR (rep-PCR), amplified fragment length polymorphism, and random amplified polymorphic DNA techniques. The species studied include human-, animal-, and plant-associated bacteria, such as Escherichia coli (7, 17) , Helicobacter pylori (2), Bradyrhizobium sp. (47, 48) , Pseudomonas syringae (24, 25) , Rhizobium sp. (6, 23) , and several species of the genus Xanthomonas (32, 33) . These studies were aimed at a better understanding of the epidemiology of pathogens, the host specificity of pathogenic strains, or the competitive strength of agriculturally important microorganisms. In contrast, the genetic diversity of free-living bacterial populations is poorly understood. Studies of 3-chlorobenzoate-degrading strains (13) and fluorescent Pseudomonas strains (5) have provided preliminary insight into the biogeographic distribution of these bacteria in soil. The majority (91%) of the genotypes identified were unique to the sites from which they were isolated, and each genotype was found only in the region from which it was isolated (13) . Thus, there was almost no overlap of genotypes between sampling sites or continental regions, indicating that these heterotrophic soil bacteria were not globally mixed but were regionally endemic.
Purple nonsulfur bacteria have a wide range of growth modes and are able to grow under photoheterotrophic, photoautotrophic, and chemoheterotrophic conditions (20) . This metabolic versatility is reflected in their wide distribution in natural environments and their isolation from surficial aquatic sediments and activated sludge, as well as from freshwater rivers and lakes (19, 20) . Despite their widespread occurrence, the extent of phylogenetic, genotypic, and functional diversity found in purple nonsulfur bacteria is poorly understood.
A study which we conducted on the genetic diversity found in 14 strains of Rhodopseudomonas palustris isolated from various sources showed that all the strains were genetically unique based on BOX-PCR genomic DNA fingerprinting and that there were significant genotypic and phenotypic differences among Rhodopseudomonas palustris strains that were geographically dispersed (Y. Oda, W. G. Meijer, J. L. Gibson, J. C. Gottschal, and L. J. Forney, submitted for publication). While this study yielded insights into the biogeography of this species, the apparent extent of diversity within this species may have been distorted by the fact that the strains studied had been isolated from selective enrichment cultures. In the present study, 128 strains of purple nonsulfur bacteria were isolated from agar plates that had been inoculated with samples from two different sites. The phylogenetic, genotypic, and phenotypic characteristics were determined based on the sequences of 16S rRNA genes, BOX-PCR genomic DNA fingerprints, restriction fragment length polymorphisms (RFLPs) of catabolic genes, and the ability to metabolize (chlorinated) aromatic compounds. The data obtained were used to assess the diversity within species of purple nonsulfur bacteria.
MATERIALS AND METHODS
Media and growth conditions. Batch cultures of purple nonsulfur bacteria were routinely grown at 30°C in closed screw-cap tubes (16 ml) that contained anoxically prepared LCM medium (46) under anoxic conditions in the light. After the basal LCM medium was autoclaved, 25 ml of sterile 1 M K(NH 4 )PO 4 (pH 7.0) per liter of medium and 2 ml of a filter-sterilized vitamin solution (46) per liter of medium were added. Carbon sources were added from separately autoclaved stock solutions at the concentrations indicated below. To evaluate growth on 2 mM benzoate, 0.1% sodium bicarbonate was added to the medium. Growth was monitored by measuring the optical density at 660 nm. Isolates showing growth on benzoate were further tested for the ability to degrade 1 mM 3-chlorobenzoate in the presence or absence of 1 mM benzoate. Residual benzoate and 3-chlorobenzoate concentrations were determined by reverse-phase high-performance liquid chromatography by using a MicroSpher C 18 column (Chrompack, Middelburg, The Netherlands) and methanol-water-acetic acid (50:49.5:0.5, vol/vol/vol) as the eluent and monitoring the effluent with a UV-975 Intelligent UV/VIS detector (Jasco, Tokyo, Japan) at 254 nm.
Isolation of purple nonsulfur bacteria. Samples used for isolation of bacteria were collected from the top layer (about 0.5 cm) of sediments at two different sites in The Netherlands. To compare bacterial diversity within the sampling sites, two locations (1.5 m apart) from uncontaminated freshwater marsh sediments at Haren (Haren A and Haren B, collected on 12 August 1999) and two locations (5 m apart) from freshwater marsh sediments at De Biesbosch (De Biesbosch A and De Biesbosch B, collected on 16 August 1999) were used. The Haren site is an isolated small marsh with no inlet or outlet, whereas the De Biesbosch site is an area in direct contact with the industrially polluted River Merwede (14) . The sediment samples (5.0 g [wet weight] of material) were suspended in 20 ml of anoxically prepared LCM medium in which yeast extract was omitted. The suspensions were sonicated briefly three times for 10 s (B3 sonicator; Branson, Dietzenbach, Germany) and subsequently shaken for 1.5 h at room temperature. After sedimentation, aliquots of the supernatant and a dilution series were spread on LCM medium plates containing 2 mM benzoate and 0.1% sodium bicarbonate. These plates were incubated at 30°C under anoxic conditions (N 2 atmosphere) in the light. After approximately 2 weeks of incubation, pigmented colonies were transferred to LCM medium plates containing 15 mM malate and incubated anoxically in the light by using a BBL GasPak anaerobic jar system (Becton Dickinson and Company, Sparks, Md.). Single colonies were restreaked several times on LCM medium plates containing 15 mM malate, and well-separated single colonies were transferred into anoxically prepared LCM liquid medium containing 15 mM malate and incubated in the light. The purity of cultures was checked by microscopic observation and by streaking cultures on LCM medium supplemented with 0.3% peptone, 0.3% yeast extract, and 1.5% agar and then incubating the preparations under oxic conditions in the dark and under anoxic conditions in the light (two 40-W light bulbs at a distance of 20 cm) by using a BBL GasPak anaerobic jar system (Becton Dickinson and Company).
Isolation of DNA. Genomic DNA was isolated from liquid cultures grown on 15 mM malate under anoxic conditions in the light. Cells (2 ml) were harvested by centrifugation and resuspended in 50 mM EDTA (pH 8.0), and genomic DNA was isolated by using a Wizard genomic DNA purification kit (Promega) according to the manufacturer's instructions. For genomic DNA used for Southern blotting, cells (3 ml) were harvested by centrifugation and resuspended in 750 l of TE buffer (10 mM Tris-HCl, 0.1 mM EDTA; pH 8.0). Lysozyme (final concentration, 2.5 mg/ml) and RNase (final concentration, 20 g/ml) were added, and the suspension was incubated for 1 h at 37°C. After addition of 1% (wt/vol) sodium dodecyl sulfate and incubation for an additional 1 h at 50°C, proteinase K (final concentration, 100 g/ml) was added, and the mixture was incubated with gentle agitation for 2 h at 50°C. The suspension was extracted twice with phenol-chloroform (1:1) and once with chloroform, and then the DNA was precipitated from the aqueous phase by addition of 2 volumes of absolute ethanol. The DNA was collected by centrifugation, washed in 70% ethanol, and resuspended in 100 to 200 l of TE buffer.
BOX-PCR genomic DNA fingerprinting and computer-assisted cluster analysis of genomic fingerprints. Aliquots of genomic DNA from various isolates were used as templates to generate rep-PCR genomic fingerprints with the BOX A1R primer (5Ј-CTACGGCAAGGCGACGCTGACG-3Ј) (34 and final extension at 65°C for 8 min. PCR products were separated by electrophoresis on 1.5% agarose gels at 70 V and 4°C for 19 h. After the agarose gels were stained with ethidium bromide, images of the gels were digitized by using an ImageMaster VDS system (Amersham Pharmacia Biotech Benelux) and stored as TIFF files. Computer-assisted analysis of genomic fingerprints was performed by using the GELCOMPARE software program (version 4.1; Applied Maths, Kortrijk, Belgium). Similarity matrices of whole densitometric curves of the gel tracks were calculated by using the pairwise Pearson's product-moment correlation coefficient (r value) (31) . Cluster analysis of similarity matrices was performed by the unweighted pair group method using arithmetic averages (39) . BOX-PCR genomic fingerprint patterns having r values of more than 0.8 were considered to be patterns of the same genotype. BOX-PCR genomic fingerprints of Rhodopseudomonas palustris strains AP1, BIS3, BIS6, BIS10, BIS11, BIS14, BIS17, BIS18, BIS23, KD1, WS17, NCIB8288, and DCP3 and Rhodopseudomonas palustris type strain NCIMB8252 from another study were also included (Oda et al., submitted). Strains BIS3, BIS6, BIS10, BIS11, BIS14, BIS17, BIS18, and BIS23 were previously isolated from the De Biesbosch sediment by an enrichment culture technique.
Amplification of 16S rRNA gene and sequencing. Nearly complete 16S rRNA genes were amplified by using fD1 and rD1 as primers (50) . PCR products were purified with a QIAquick PCR purification kit (QIAGEN GmbH, Hilden, Germany). Sequencing was performed with an ABI PRISM BigDye terminator cycle sequencing Ready Reaction kit (PE Applied Biosystems) and an ABI PRISM 310 genetic analyzer (PE Applied Biosystems). Sequencing primer 536F (Escherichia coli positions 519 to 536) was used, and the 16S rRNA gene sequences (lengths, 584 to 714 bp) were compared to sequences in the GenBank database by using the Basic Local Alignment Search Tool (BLAST) (3). 16S rRNA gene sequences (630 bp) of the Rhodopseudomonas palustris isolates from this study and another study (Oda et al., submitted) were aligned by using the CLUSTALW program (44) . Evolutionary distances were calculated by the correction method of Jukes and Cantor of the program TREECON for Windows, version 1.3b (45) , and a phylogenetic tree was constructed by the neighbor-joining method (36) . A bootstrap analysis was carried out to test the reliability of the tree (11) . The GenBank accession numbers of 16S rRNA gene sequences of previously described strains of Rhodopseudomonas palustris are AF314062 (strain AP1), AF416653 (strain BIS3), AF416654 (strain BIS6), AF314064 (strain BIS10), AF416655 (strain BIS11), AF416656 (strain BIS14), AF416657 (strain BIS17), AF416658 (strain BIS18), AF416659 (strain BIS23), AF314063 (strain KD1), AF416660 (strain WS17), AF416661 (strain NCIB8288), AF416662 (type strain NCIMB8252), and AF416663 (strain DCP3).
Diversity indices (Shannon indices) of genotypes within the same species were calculated by using Ϫ⌺p i lnp i , where p i is the proportion of individual bacteria found in the ith genotype (42) .
Hybridization experiments. Approximately 10 g of genomic DNA was digested with EcoRI, and the fragments were separated by electrophoresis on 1.2% agarose gels and Southern blotted onto positively charged nylon membranes (Roche Diagnostics Netherlands B.V., Almere, The Netherlands). All hybridizations were carried out as recommended by the manufacturer with a hybridization temperature of 65°C for high stringency and a hybridization temperature 
RESULTS
BOX-PCR genomic DNA fingerprint analyses. Sediment suspensions of two samples (locations A and B) from two different sampling sites were spread on LCM medium plates containing benzoate as the primary carbon source. This approach, rather than selective enrichment cultures, was used in an effort to maximize the diversity of isolates obtained. After approximately 2 weeks of incubation under anoxic conditions in the light, red, pink, and brown colonies appeared on LCM medium plates, and a total of 128 isolates were obtained as pure cultures; 33 isolates were obtained from Haren A, 34 isolates were obtained from Haren B, 30 isolates were obtained from De Biesbosch A, and 31 isolates were obtained from De Biesbosch B. The cell suspensions from the Haren site were mostly red or red-brown, whereas approximately equal proportions of red, red-brown, and peach-brown cell suspensions were obtained with strains from the De Biesbosch site (Table  1) .
Genetic differences among the isolates were assessed by using genomic DNA fingerprints obtained by rep-PCR genomic DNA fingerprinting performed with the BOX A1R primer (34) . The reproducibility of BOX-PCR genomic fingerprinting was confirmed by repeatedly testing genomic DNA from several isolates. Cluster analysis of the resulting genomic fingerprints showed that independently obtained fingerprints of an isolate had r values of more than 0.9. To obtain a conservative estimate of the diversity of the 128 strains obtained in this study, we considered isolates with genotypes having r values greater than 0.8 (5) to be representatives of a single genotype (Fig. 1) . Based on this criterion, a total of 60 unique genotypes were identified, including 9 genotypes from Haren A, 9 genotypes from Haren B, 24 genotypes from De Biesbosch A, and 21 genotypes from De Biesbosch B (Table 1) . None of the genotypes found at the Haren site were found at the De Biesbosch site, indicating that the strains isolated appeared to be endemic to the sampling sites. Two genotypes (HaAB1 and HaAB2) were numerically dominant at the Haren site and accounted for 47 of the 67 isolates obtained. In contrast to the Haren site, a significant proportion of the isolates from the De Biesbosch site were unique genotypes, and none of the genotypes found at De Biesbosch A were found at De Biesbosch B.
Genotypic diversity within the species of purple nonsulfur bacteria. The phylogenetic relatedness of isolates was assessed based on partial 16S rRNA gene sequences. The six isolates with the genotype HaAB1 had identical sequences (data not shown). Therefore, BOX-PCR genomic fingerprint patterns of the same genotype (based on rep-PCR fingerprints) were presumed to be representative of the same phylotype. Subsequently, the partial 16S rRNA gene sequence of a single representative of each genotype was determined and compared to sequences in the GenBank database.
The majority of the isolates from the Haren site were most closely related to Rhodopseudomonas palustris and showed more than 98% sequence identity. Based on the high degree of identity to the 16S rRNA gene sequences of Rhodopseudomonas palustris in the GenBank database, the colors of cell suspensions, and microscopic observation of cell morphology (Table 1), a total of 26 isolates from Haren A and 28 isolates from Haren B were presumptively identified as Rhodopseudomonas palustris. The remaining isolates (Table 1) were identified as organisms related to Rhodoferax antarcticus or Rhodoferax fermentans (based on 98% sequence identity of 16S rRNA genes), Rhodomicrobium vannielii (99% sequence identity), Rhodospirillum rubrum (100% sequence identity), and Rubrivivax gelatinosus (100% sequence identity).
In contrast to the Haren site, the majority of the isolates from the De Biesbosch site were identified as organisms related to Rhodoferax fermentans (18 and 10 isolates from De Biesbosch A and De Biesbosch B, respectively) and Rhodopseudomonas palustris (7 and 14 isolates from De Biesbosch A and De Biesbosch B, respectively). Strains of Rhodopseudomonas palustris and Rhodoferax fermentans comprised 59 and 23%, respectively, of the isolates in our collection. A small number of isolates were identified as organisms related to Rhodomicrobium vannielii, Rhodospirillum rubrum, and Rubrivivax gelatinosus. The low frequency with which Rhodomicrobium vannielii and Rhodospirillum rubrum strains were isolated suggests that these species may not be numerically abundant at our sampling sites. Species of Rhodoplanes elegans, Rhodoplanes roseus, and Rhodospirillum (Phaeospirillum) fulvum were isolated from the De Biesbosch site but were not isolated from the Haren site. The high level of genotypic diversity found among strains of Rhodopseudomonas palustris and Rhodoferax fermentans (Fig. 2) was reflected in the Shannon indices calculated from differences in genomic DNA fingerprints. Diversity indices within the species Rhodopseudomonas palustris showed that there were significant differences between the Haren and De Biesbosch sites ( Table 2 ), indicating that there may be differences in either the tempo of diversification processes or the selective pressures experienced by Rhodopseudomonas palustris strains at the two sampling sites.
Southern hybridization of genomic DNA with the form I (cbbL) and form II (cbbM) RubisCO genes. Only a limited number of species of purple nonsulfur bacteria have been reported to possess both the cbbL and cbbM genes (38, 49) . Southern hybridization analyses were performed to investigate the distribution of these two genes among the isolates obtained in this study. Genomic DNA from a total of 63 isolates that represented each genotype was probed with both genes (Fig.  3) . This analysis was intended not only to survey the distribution of the two genes among species of purple nonsulfur bac- d A single representative of each genotype was probed. RFLP patterns were determined based on the sizes of the hybridized fragments (Fig. 3) . RFLP patterns of the cbbL gene: IA, 0.85-and 0.49-kb fragments; IB, 7.5-kb fragment; IC, 1.3-kb fragment; ID, 5.5-kb fragments; U, either a unique pattern or a fragment of more than 23 kb long; -, no homology. RFLP patterns of the cbbM gene: IIA, 3.4-kb hybridized fragment; IIB, 6.6-kb hybridized fragment; IIC, 15.0-kb hybridized fragment; IID, 4.0-kb hybridized fragment; IIE, 1.7-kb hybridized fragment; IIF, 2.8-kb hybridized fragment; U, either a unique pattern or a hybridized fragment more than 23 kb long; -, no homology.
e Benzoate-degrading genotype. f Signal detected only under low-stringency hybridization conditions. teria but also to identify RFLPs of the genes found in the same species. Only genotypes of Rhodopseudomonas palustris hybridized to both genes under high-stringency hybridization conditions ( (Table 3) . Characterization of the benzoate-degrading genotypes. A more detailed analysis was performed with 12 benzoate-degrading isolates that represented all genotypes. The doubling times on benzoate ranged from 5.3 to 31.7 h, and Rhodospirillum fulvum grew most rapidly (Table 3) . For the genotypes of Rhodopseudomonas palustris, the doubling times on benzoate ranged from 12.0 to 31.7 h. This was in contrast to the genotypes of Rhodomicrobium vannielii, all of which had similar growth rates. Southern hybridization experiments showed that only genotypes of Rhodopseudomonas palustris hybridized to the benzoate-CoA ligase (badA) gene, indicating that other benzoate-degrading species either possess a nonhomologous badA gene or metabolize benzoate by pathways that do not involve the conversion of benzoate to benzoyl-CoA by benzoate-CoA ligase (10, 16) .
All 25 benzoate-degrading isolates were tested further for the ability to degrade 3-chlorobenzoate in the presence or absence of benzoate. None of the isolates was able to degrade 3-chlorobenzoate as the sole carbon source. Only isolates of Rhodopseudomonas palustris were able to degrade 3-chlorobenzoate if benzoate was present as a cosubstrate (Table 3) . This indicates that the ability to degrade chlorinated benzoates was restricted to the species Rhodopseudomonas palustris.
Comparison of genotypic and phenotypic characteristics of strains of Rhodopseudomonas palustris. Interestingly, the majority (84.0%) of the isolates identified as Rhodopseudomonas palustris were unable to degrade benzoate (Table 1) in spite of the fact that degradation of benzoate has been recognized as a feature that is characteristic of the species (16, 20) . To determine the phylogenetic relationships among the 21 different genotypes of Rhodopseudomonas palustris in this study, 13 strains of Rhodopseudomonas palustris used in another study (Oda et al., submitted), and Rhodopseudomonas palustris type strain NCIMB8252, a phylogenetic tree based on 16S rRNA gene sequences was constructed (Fig. 4A) . Overall, the level of similarity of the sequences was more than 97.5%, and four distinct clusters (clusters A to D) were found. Cluster B contained only previously described benzoate-degrading strains, and cluster C contained only genotypes from the De Biesbosch site. Although genotypes and strains belonging to the same 16S rRNA cluster were distributed throughout the dendrogram generated by cluster analysis of BOX-PCR genomic fingerprints (Fig. 4B ), there were certain trends: genotypes and strains belonging to the same 16S rRNA cluster were in the same branch of the genomic fingerprint dendrogram, and genotypes and strains isolated from the same sampling site (Ha genotypes versus Bies genotypes and BIS strains in Fig. 4B ) were genetically more similar to one another than to genotypes and strains isolated from the other sampling site. These results indicate that certain strains were regionally endemic, and this may have resulted from divergent evolution of strains that are related by descent. It should also be noted that the strains described elsewhere, most which of were isolated by selective enrichment culture (Oda et al., submitted), clustered together, possibly indicating that enrichment bias influenced the outcome of experiments done to isolate these strains. The benzoate-degrading genotypes and strains were distributed throughout the genomic fingerprint dendrogram and were found in clusters that were distinct from the non-benzoatedegrading genotypes. The differences in genetic characteristics between benzoate-degrading and non-benzoate-degrading genotypes were also apparent in RFLPs of the form I and form II RubisCO genes. All benzoate-degrading genotypes isolated in this study had unique combinations of hybridization patterns with both genes, whereas many of the non-benzoate-degrading genotypes had the same RFLP patterns (Table 1) . These results indicate that the benzoatedegrading strains were members of distinct lineages in Rhodopseudomonas palustris.
DISCUSSION
Purple nonsulfur bacteria are likely to play an important role in nutritional cycles in natural environments (37) , yet little is known about the extent of phylogenetic, genotypic, and phenotypic diversity within this group of bacteria. This might be due to the fact that most purple nonsulfur bacteria studied previously have been isolated by selective enrichment culturing (15, 20) . The enrichment techniques may impose limits on studies of microbial diversity since most enrichment cultures favor fast-growing or numerically dominant organisms (9) . In another study we observed that only strains of Rhodopseudomonas palustris were isolated from enrichment cultures for phototrophic bacteria that contained a mixture of 3-chlorobenzoate and benzoate regardless of the geographical and ecological origin of the inocula (Oda et al., submitted). In contrast, the procedure used for isolation of bacteria in this study involved plating sediment suspensions directly onto selective media. Based on 16S rRNA gene sequence homology, this approach yielded eight different species of purple nonsulfur bacteria and 60 distinct genotypes identified by BOX-PCR genomic fingerprinting (Table 1) .
Among the isolates identified as organisms belonging to the species Rhodopseudomonas palustris, two genotypes, HaAB1 (36 of the 67 isolates) and HaAB2 (11 isolates), were repeatedly isolated (70.1%) from both the Haren samples. Since the patterns of amplified fragments generated by BOX-PCR genomic fingerprinting are complex, evolutionary convergence to the same genotype is highly unlikely. Thus, the repeated recovery of isolates with the same or nearly the same genotype suggests that these isolates are related by descent from a common ancestor. The selection and maintenance of these genotypes resemble a clonal population structure that is analogous to that observed for many pathogenic and commensal bacterial species found in homeostatic environments (1, 7, 27, 29, 51) . In contrast, most of the isolates of Rhodopseudomonas palustris from the De Biesbosch site were genotypically distinct from one another. This is reflected in the cluster analysis of BOX-PCR genomic fingerprints that resulted in an extensively branched dendrogram (Fig. 2) . Several studies (21, 51, 52) have contrasted clonal populations, in which there is limited genetic exchange and variation is produced largely by mutation, and freely recombining populations, in which diversity arises through parasexual mechanisms of gene transfer achieved through transduction, transformation, and conjugation. Typically, the population structure of clonal populations is characterized by limited but deeply branching lineages, whereas freely recombining populations are characterized by extensive but shallow branching patterns that reflect genetic differences that arise from genetic exchange. While BOX-PCR genomic DNA fingerprints do not provide information on amino acid sequences like multilocus enzyme electrophoresis analyses do, the branching patterns of dendrograms based on BOX-PCR data suggest that the genetic structures of Rhodopseudomonas palustris populations found at the Haren site and the De Biesbosch site were analogous to the genetic structures of clonal and freely recombining populations, respectively. Previous studies have provided evidence for a positive relationship between genetic diversity and environmental heterogeneity (18, 28, 35) . For example, data obtained by McArthur et al. (28) indicated that the degree of habitat variability correlated with the degree of genetic diversity of Burkholderia cepacia in soil samples. If genetic diversity increases with habitat variability, our observation of significant differences in genotypic diversity within the species Rhodopseudomonas palustris at the two sampling sites (Table 2) suggests that the De Biesbosch site exhibits greater habitat variability than the Haren site, and differences in the population structures (i.e., clonal and freely recombining) between the two sampling sites may reflect differences in local environmental conditions. However, this is speculative, and the ecological significance of the observed genotypic diversity among local populations of Rhodopseudomonas palustris remains unclear. Aromatic compounds are some of the major sources of combined carbon available in natural environments (37) . Photometabolism of benzoate by Rhodopseudomonas palustris, Rhodospirillum fulvum, and Rhodocyclus purpureus is well recognized, and several other species of purple nonsulfur bacteria have also been shown to grow at the expense of benzoate (16, 37) ; also, previous investigators have found that benzoate provides highly selective conditions in phototrophic enrichment cultures for the growth of Rhodopseudomonas palustris (20) . This is the first reported isolation of Rhodoplanes elegans and Rhodoplanes roseus strains able to metabolize benzoate. Such strains may not have been isolated in previous studies in which selective enrichment cultures were used if Rhodopseudomonas palustris has a strong competitive advantage under the conditions used for enrichment over these species. Interestingly, the direct isolation procedures used in this study yielded a relatively low proportion of Rhodopseudomonas palustris isolates among the benzoate-degrading isolates. These observations suggest that Rhodopseudomonas palustris may not be the most numerically abundant benzoate-degrading species of purple nonsulfur bacteria in natural environments.
Both benzoate-degrading and non-benzoate-degrading strains of Rhodopseudomonas palustris were isolated. Furthermore, the growth rates on benzoate for benzoate-degrading genotypes of Rhodopseudomonas palustris varied from 12.0 to 31.7 h. This was in contrast to the isolates of Rhodomicrobium vannielii, all of which were able to degrade benzoate and had similar growth rates (Table 3) . These results indicate that strains identified as Rhodopseudomonas palustris (or closely related organisms based on 16S rRNA gene sequences) are not only genetically more diverse but also phenotypically more diverse than hitherto assumed based on characterization of strains obtained by conventional enrichment techniques. Our phenotypic and genotypic characterization study of the 3-chlorobenzoate-degrading strains of Rhodopseudomonas palustris suggested that there may be a correlation between certain phenotypic properties (e.g., growth rate on benzoate) and variation in genome organization as determined by rep-PCR genomic DNA fingerprinting (Oda et al., submitted). The results of the combined genotypic and phenotypic analyses of the isolates identified as Rhodopseudomonas palustris in this study support this notion. The benzoate-degrading genotypes were separated from the non-benzoate-degrading genotypes in the dendrogram generated by cluster analysis of BOX-PCR genomic fingerprints (Fig. 4B) . Moreover, the benzoate-degrading genotypes hybridized to the benzoate-CoA ligase gene (Table 3) , whereas the non-benzoate-degrading genotypes did not hybridize to this gene (data not shown). It could be that all strains of Rhodopseudomonas palustris could degrade benzoate at one time and that this ability was lost from certain lineages. A second possibility is that some strains acquired the ability to degrade benzoate through lateral gene transfer. While the importance of such horizontal gene transfer in bacterial speciation is increasingly recognized (8, 30) , it is impossible to distinguish between these two possibilities based on the data presented here. Nonetheless, distinct clades found within the species Rhodopseudomonas palustris may reflect an incipient speciation event that arises from adaptive evolution to local environmental conditions. Further investigation of the extent to which genetic diversity is reflected in phenotypic diversity in the strains of Rhodopseudomonas palustris may lead to a better understanding of the ecology and evolutionary biology of this species.
